Abstract: Comparative study of longitudinal wave propagation in cancellous bone was performed. We simulated wave propagation with the finite-difference time-domain (FDTD) method using a threedimensional X-ray computer tomography (CT) model of an actual cancellous bone. We also experimentally measured the waves that propagated in an identical specimen under similar conditions. The speeds of fast waves and the amplitudes of fast and slow waves at small ROIs (region of interest) in the specimen were examined. We found good correlations in fast wave speed and wave amplitudes between simulated and measured data. The peak amplitude ratio of simulated two waves was also similar with the experimental results. These results show the importance of FDTD simulation to understand the wave propagation phenomena in the complicated medium.
INTRODUCTION
Considering the aging of Japanese society, demand is growing for a more reliable and less onerous method of diagnosing osteoporosis. Ultrasonic diagnosis systems are considered a powerful tool, because ultrasonic waves strongly reflect the elasticity. The current in vivo ultrasonic diagnosis technique is the ''Speed Of Sound/Broadband Ultrasound Attenuation'' (SOS/BUA) method [1] ; however, as a simple measurement of averaged ultrasonic wave speed and attenuation of whole bone in the wave propagation path, this method does not really reflect the precise bone structure and the amount of minerals present.
In order to improve the accuracy of ultrasonic diagnosis system, our group has proposed a new approach to evaluate bone that utilizes the separation of longitudinal waves as they pass through cancellous bone [2] [3] [4] . We have reported the separation of longitudinal waves into fast and slow waves, a phenomenon that is especially dependent upon the alignment of bone trabecula in cancellous bone [5] [6] [7] . It is hoped that this interesting phenomenon will become a powerful tool in the diagnosis of osteoporosis because the wave propagation behavior apparently depends on the bone structure. However, the details of wave propagation in cancellous bone have not yet been examined, because of the structural complexity and inhomogeneity.
Several theoretical approaches have been taken to elucidate the phenomenon of wave propagation in porous material. In Biot's theory [8] , or the multi-layer model [9] , the porous structure is described according to several parameters in an effort to predict the generation of fast and slow waves in cancellous bone. Hosokawa has reported the separation of waves by means of a numerical solution using Biot's theory with the finite-difference method [10] ; however, difficulties in bone analysis remain because of the limited applicability of Biot's theory to cancellous bone [11, 12] , which exhibits significant anisotropy and inhomogeneity.
The difficulties of analytic evaluation have led to the direct approach of attempting to solve the wave equation. If an exact simulation of wave propagation were to succeed, it would give us a visual image of complicated wave propagation in the bone. This would be helpful for constructing a novel and optimum in vivo ultrasonic measurement system [13] .
Using a three-dimensional (3-D) synchrotron microtomograph of actual trabecula, Bossy et al. [14] and Padilla et al. [15] reported the generation of fast and slow waves using finite-difference time-domain (FDTD) simulation. Haïat et al. [16] investigated the influence of trabecular bone microstructure and material properties on SOS/BUA parameters using numerical simulations. However, a quantitative comparison between simulation and experimental results has not been investigated. Therefore, our group sought to confirm the applicability of the elastic FDTD method to the simulation of wave propagation in cancellous bone using three-dimensional X-ray CT images [17, 18] by focusing on the comparative studies between the FDTD simulation and experimental data. The tendency of the simulated results showed good agreement with experimental data; however, there were still a problem due to the lack of spatial resolution of simulation model [17] . Recent investigations of Padilla et al. [19] and Jenson et al. [20] show the similar tendency of SOS (or phase velocity) and BUA between simulated and experimental results; however, they have not examined the characteristics of twowave phenomenon.
In this study, therefore, we simulated wave propagation in a cancellous bone with the elastic FDTD method using a more precise three-dimensional X-ray CT model of an actual cancellous bone. We also experimentally measured the waves that propagated in an identical specimen under similar conditions in order to investigate the adequacy of the simulation technique, especially focusing on the twowave phenomenon.
MEASUREMENT

Experimental Setup
For this comparative study, the waves propagated through the bone were experimentally measured with PVDF transducers. The size of the bovine cancellous bone used was 20 Â 20 Â 9 mm 3 . Figure 1 shows the photograph of the bone specimen. The specimen was obtained from the head of 36-month-old bovine femur.
During the measurements, the bone specimen was immersed in degassed water at room temperature. Before measurement, the air in the porous structure was eliminated by degassing. The geometric focal length of the star-shaped concave PVDF transmitter (custom-made by TORAY, Tokyo, Japan) was 40 mm and the radius was 10 mm. The surface of the transmitter was star-shaped in order to decrease the edge effect [21] . In water, the beam width at half maximum value of the wave amplitude was approximately 1.5 mm at the focal point [21] . The transmitted wave focused in the specimen at the mid point of the thickness. The radius of the plane PVDF receiver (homemade with PVDF film) was 2.5 mm. Figure 2 shows the measurement system. In this measurement, the bone specimen was fully immersed in water. The z-axis position of the transmitter was fixed to maintain the focal point at the mid point of the specimen thickness without consideration of refraction. The distribution of the wave properties was investigated by changing the positions of the transmitter and receiver along the x-y plane. They were moved in 1-millimeter-increments. The total number of measured points was 144.
A single sinusoidal wave at 1 MHz, 5 Vp-p from a function generator (WF1945, NF Corporation, Kanagawa, Japan) was amplified by a 20-dB power amplifier (4055, NF Corporation, Kanagawa, Japan), and applied to the transmitter. By changing the positions of the specimen along the x-y plane, we investigated the distribution of wave properties with a digital oscilloscope (TDS 524A, Tektronix Inc., Oregon, United States) with 40-dB preamplifier (5307, NF Corporation, Kanagawa, Japan). 
Experimental Results
Examples of the experimentally observed waveforms are shown in Figs ) shows the result when the transmitted wave is focused on the center portion of the specimen. In Fig. 3(b) , the separation into fast and slow waves can be seen. Here, we adopted the first positive peak as the fast wave amplitude and the maximum amplitude of whole waveform as the slow wave amplitude.
SIMULATION
Elastic FDTD Method
The followings are the governing equations for the 3-dimensional elastic FDTD method [22, 23] for the isotropic medium. Deputized equations related to the x direction are:
where xx and xy are normal and shear stresses, v x is particle velocity, and are Lame's coefficients, and is the density of the medium. These equations are digitized using the central difference method. Figure 4 shows the configuration of the parameters of FDTD simulation. The stress and particle velocity were calculated alternately both in the spatial and time domains, which is called ''the leapfrog method.'' Absorption layers were implemented on each end face of the model [24] . Making use of the advantage of simulation, we set the attenuation of the values of the normal and shear stresses in each calculation step of wave propagation, considering dx (spatial resolution). The attenuation for each step was determined from the experimentally observed longitudinal attenuation value of cortical bone at 1 MHz [25, 26] . The attenuation used did not exhibit frequency dispersion. In this simulation, the elastic anisotropy of the solid portion was not considered.
Simulation Model
The wave propagation was simulated using the identical bone specimen that was experimentally measured in chapter 2. Figures 5(a) and (b) are X-ray micro-focus CT images (MCT-12505MF, Hitachi Medical, Tokyo, Japan). The spatial resolution of the CT images was 64.5 mm. This field was smaller than the experimental measurement area due to the memory limitaion of computer. The values of each point in the CT images were binarized in order to allow separation of the ambiguous border between the solid portions (trabecula) and liquid portions at a specific threshold. The threshold was determined as the median value of the grayscale tones of the image. The total simulation field was 23 Â 23 Â 18 mm 3 with cube lattice of 64.5 mm. The time increment of simulation was 5 ns. As the initial particle velocity in z direction at the surface of the concave source shown in Fig. 6 , the single sinusoidal wave at 1 MHz was used. The Hanning window whose length was 1 ms was applied to prevent the discontinuity of the waveform.
In this simulation, the surface of the transmitter was star-shaped in order to decrease the edge effect [21] . This comes from the actual transducer used in the experiments. The surface polygon had 16 apexes. The outer radius of the star shape was 2.5 mm and the inside radius was 1.25 mm. The geometric focal length of concave transmitter was 10 mm. Because of the lack of memory capacity of the computer, the configuration of the transmitter in this simulation was set proportional to the actual experimental system. The receiver was 1.5 mm in radius, and the results of the simulated sound pressures were obtained from the integrated values on the receiver surface, where the sound waves were not reflected nor interrupted. The transmitter and the receiver have the acoustical axis in common.
In this model, the bone specimen was fully immersed in water. The z-axis position of the transmitter was fixed to maintain the focal point at the mid point of the specimen thickness without considering the refraction. The distribution of the wave propagation was investigated by changing the positions of the transmitter and receiver in the x-y plane. They were moved in about 1-millimeter-increments. The total number of simulated points was 144.
The experimentally observed values in the bovine cortical bone were used as the wave speed and attenuation in the trabeculae part of the cancellous bone. Yamato et al. [27] [28] [29] reported that the speed of the longitudinal wave in cortical bone varied from 4,000 to 4,400 m/s. In this study, the simulations were performed at the longitudinal wave speed of 4,400 m/s because much higher velocities were reported in the trabeculae in the GHz range [30] . In the simulation, the speed of shear wave was the estimated value, assuming Poisson's ratio of 0.34 [2] . We adopted the experimentally observed attenuation in the cortical bone as the attenuation coefficients of longitudinal wave in trabeculae [25, 26] . The attenuation coefficient of the shear wave in the solid portion was estimated as twice that of the longitudinal wave, considering the properties of polymeric materials [31] . The parameters used in this simulation are shown in Table 1 . The FDTD simulation software was originally programmed by our group [32] .
Numerical Results
Figures 7 show the screenshots of the distribution of sound pressure (in liquid portion) or root-mean-square value of normal stresses (in solid portion) at the central x-y plane of the three-dimensional simulation field. Figures (a) to (c) show the results without specimen, (d) to (f) show the results with specimen. The separation of fast wave and slow wave can be seen [18] .
The calculated waveforms are shown in Figs. 8(a) and (b). Figure 8(a) shows the result when the transmitted wave passes only through the water. The slight vibration at the tail of the waveform in Fig. 8(a) seems to result from the spatial resolution in simulating. Figure 8(b) shows the result when the wave is focused on the center portion of the specimen, which is in a simular condition to that of Fig. 3(b) . The estimated BV/TV (bone volume/total tissue volume, or bone volume fraction) around the area of this result was 32.9%. Here, the BV/TV is the averaged value of the cuboidal area in the model of 3 Â 3 Â 9 mm 3 around the focal point of the concave source. This cuboidal ROI (region of interest) was estimated considering the focal area of transmitted wave in experiments [7] . Here, both fast and slow waves can be seen. The fast wave is considered to propagate mainly in the solid portion of bone specimen. The amplitude of the fast wave was smaller than that of the slow wave, which has also been reported from experimental studies [2] [3] [4] .
DISCUSSION
In these simulations and experiments, we obtained the peak amplitudes of the fast and slow waves and the speed of the fast wave estimated from the arrival time of the wave front. Here, we adopted the first positive peak as the fast wave amplitude and the maximum amplitude of whole waveform as the slow wave amplitude. In this study, we could not obtain the speed of slow waves because superposition with fast waves affected the wave fronts of the slow waves. Figure 9 (a) shows the relationship between BV/TV around the focal point and the speed of the fast wave. We can see correlations in both the simulated and experimental results. Both results increased in proportion to the BV/TV. This indicates that the fast wave speed depends on the amount of trabecula in the wave propagation path.
The relationships between the BV/TV and the peak amplitude of the fast and slow waves are shown in Figs. 9(b)(c) . Here, all values are normalized by the peak amplitude of the wave that passed only through the water. The amplitude of the fast wave has a positive correlation to the BV/TV, while the amplitude of the slow wave has a negative correlation. The fast wave passes mainly through the solid portion (trabeculae) and the slow wave passes mainly through the liquid portion [2] [3] [4] . The increase in the BV/TV results in a minimization of liquid path or the generation of closed liquid portions surrounded by solid bone, which rapidly increases the amplitude of the fast wave and contrarily decreases that of the slow wave. These characteristics are also supported by the former experimental studies [2, 3, 7] . Table 2 shows the correlation coefficients of the BV/ TV and each indicator of the simulated and experimental results. These data show clear correlation between simulations and experiments: The correlation coefficients of the fast wave speed, the amplitudes of the fast and slow waves between simulation and experiments were 0.58, 0.74, and 0.83 (p < 0:01), although we adopted the velocity and attenuation values of cortical bone, because the values in the trabeculae are unknown. There seem to be other causes for these differences in addition to the velocity and attenuation values. For example, the selection of the threshold for the modeling of CT image [16, 33] and present assumption of isotropic elasticity in the trabeculae. We also should point the difference of simulation field from the measurement due to memory problem: The transmitter in the simulation was smaller than that in the actual experimental system, which results in wider beam width at the focal area because the ratios of the wavelength and the radius of the transducer are disparate. In addition, due to the limitation of simulation field, we put the smaller receiver near the specimen. We can also point out the effect of the frequency dispersion of attenuation coefficients in trabeculae, and the influence of boundary friction at the interface of the liquid and solid portions [17] . These problems should be considered in future studies.
Despite the problems, however, the simulation reveals some interesting results. Figure 9(d) shows the relationships between the BV/TV and the peak amplitude ratio between fast and slow waves. Differences at low BV/TV area in Fig. 9 (c) and high BV/TV area in Fig. 9(b) disappeared. Some agreements between the simulated and experimental results becomes apparent. The amplitude ratio concerns the separation mechanism of the initial wave into the fast and slow waves; therefore, this agreement of simulation and experiment suggests the possibility of understanding the generation mechanism of wave separation by FDTD simulation using X-ray CT images. The separation phenomena of longitudinal wave into fast and slow waves seems to depends on the BV/TV. Figures 10 show the results when the londitudinal wave speed were assumed to be 4,060 m/s, where the Poisson's ratio was 0.34. A comparison of Figs. 9 and 10 clarifies that the selection of the longitudinal wave speed in the trabeculae affects the results: a higher longitudinal wave speed results in not only the higher fast wave speed but also the smaller fast wave amplitude and larger slow wave amplitude. These results are believed to be caused by the change in the acoustic impedance of trabeculae, suggesting the importance of the initial properties used in the simulation. The comparison of Figs. 9 and 10 tell us that more special attenuation to the wave properties for simulation will give us better correlation between simulation and experiments.
CONCLUSION
Using a 3-D X-ray CT model of a bovine cancellous bone, the generation of fast and slow waves was confirmed by the elastic FDTD simulation. We also experimentally measured the waves propagated in an identical bone specimen under the same conditions. Comparing the results in detail, we found the similar tendency between the simulated and experimental results.
The simulated speed of fast wave, the peak amplitude of fast and slow waves, and the amplitude ratio between those two waves showed clear correlations with BV/TV. The discrepancy of values between experiments and simulation seems to come from the modeling difficulties The same unique specimen was used for both the simulation and the experiment. (adopted values for wave properties, friction loss, etc.). However, the peak amplitude ratio between the fast and slow waves agreed with the experimental results. This simulation technique can help us understand wave propagation in a complicated medium and can be an effective tool for designing a new in vivo ultrasonic measurement system for osteoporosis. FDTD Simulation Experimental (a) Fig. 10 Relationship between BV/TV (bone volume fraction) and (a) speed of fast wave, (b) peak amplitude of fast wave, (c) peak amplitude of slow wave, and (d) peak amplitude ratio of fast and slow waves. The longitudinal wave speed was assumed to be 4,060 m/s. The Poisson's ratio was 0.34, which is same as the condition of Fig. 9 . All values are normalized by the peak amplitude of the wave that passed through the water only. The same unique specimen was used for both the simulation and the experiment.
